Some recent studies of observations in situ by space satellites show that low frequency electromagnetic fluctuations in the auroral ionosphere and magnetosphere can often be identified as soliatry kinetic Alfvén waves ͑SKAWs͒, and further analyses of the data reveal clearly that electron collisional dissipation can considerably affect the structure and evolution of SKAWs. In this paper, a model of nonlinear kinetic Alfvén waves, called a dissipative SKAW ͑DSKAW͒, is presented, in which the effect of electron collisional dissipation has been taken into account. The results show that DSKAW can produce a local shock-like structure with a net parallel electric potential drop, in which the associated parallel electric field is primarily caused by nonlinear electron inertia. In particular, it is argued that DSKAW can accelerate electrons efficiently to the order of the local Alfvén velocity. This suggests that DSKAW can provide an efficient acceleration mechanism for energetic electrons, which can frequently be encountered in various space and cosmic plasma environments.
I. INTRODUCTION
Alfvénic fluctuation is the most common electromagnetic activity in various cosmic plasma environments and has been extensively studied in both observation and theory because of its potential importance in processes of plasma energization. Some recent studies of observations in situ by space satellites ͑namely FREJIA 1 and FAST 2 ͒ show that the physical nature of strong electric spikes in the auroral ionosphere and magnetosphere, which are characterized by the perturbed electric and magnetic fields of ⌬Eϳhundreds of mV and ⌬Bϳtens of nT, the spatial scale of ⌬xϳhundreds of m, and the time duration of ⌬tϳtens of ms, can be explained in terms of the solitary kinetic Alfvén wave ͑SKAW͒ because ͑1͒ the ratio of the perturbed transversal electric to magnetic fields ⌬E/⌬Bϳv A ͑the local Alfvén velocity͒; ͑2͒ the perpendicular scale size Ќ ϳseveral e ͑the local electron inertial length͒; and ͑3͒ they are frequently accompanied by strong density fluctuations (dn/nϳ50%). [3] [4] [5] [6] [7] The kinetic Alfvén wave ͑KAW͒ is a dispersive Alfvén mode and can be created when obliquely propagating shear Alfvén waves are affected by the ion acoustic gyroradius ͑for ␤ϾQ), or by the electron inertia length ͑for ␤ϽQ) such that a nonzero parallel electric field arises within the wave itself, 8 where ␤ is the ratio of thermal to magnetic pressures and Qϵm e /m i is the mass ratio of electrons to ions. Neglecting dissipative effects, SKAWs can be formed when the dispersion is balanced by the nonlinear steepening. Many authors have investigated, in theory, the existence of SKAWs under various plasma parameter conditions [9] [10] [11] [12] [13] [14] [15] since the pioneering theoretical work of Hasegawa and Mima in 1976. 16 Wu et al. 17 derived the first exact analytical solution of SKAWs with an arbitrary amplitude in a low-␤ plasma (␤/2ӶQ). The comparison of SKAWs with the observations, in detail, has also been presented by some authors. 18 -21 Some further analyses of data, however, revealed clearly that electron collisional dissipation could considerably affect the structure and evolution of SKAWs. For example, on the basis of the analysis for about one hundred SKAW events observed by FREJA, Wahlund et al. 22 found that these events could be classified as three different observational phases, which were possibly responsible for three different stages in the dynamical evolution of SKAWs due to the dissipative effect caused by the collision of electrons and turbulent ion acoustic waves with the effective collisional frequency eff ϭ pe (W ia /n 0 T e ) 23 , where pe is the electron plasma frequency, W ia is the energy density of the turbulent ion acoustic waves, and n 0 and T e are the background electron density and temperature, respectively. For a typical plasma environment explored by FREJA, one has n 0 ϳ10 3 cm Ϫ3 ,
T e ϳ1 eV, and ion acoustic fluctuation field ␦E ia ϳ10 mV/m, [22] [23] [24] and hence has eff ϳ1 Hz, that is, approximately one-tenth of the SKAW's characteristic frequency ͑10-20 Hz͒.
On the other hand, the microphysics of the energetic electron acceleration has long been one of the most outstanding problems in the fields of astrophysics, space physics, and plasma physics. Because its parallel electric field can efficiently transfer energy and momentum between particles and waves, the KAW has been an increasingly interesting topic for extensive discussion in laboratory plasma heating, 25 auroral electron acceleration, 26 -29 and the plasma heating in solar coronal loops. 30 In particular, by use of particle-in-cell simulations, Clark and Seyler 31 revealed the possible role of small scale quasi-perpendicular inertial Alfvén waves associated with low-␤ SKAWs in the formation of suprathermal electron bursts observed in and near auroral inverted-V events.
In this paper, we generalize the set of equations governing the dynamics of SKAWs to include dissipative effects 
II. BASIC PHYSICAL MODEL OF DSKAWS
Consider a KAW propagating in the x -z plane in a low-␤ plasma magnetized by a homogeneous ambient magnetic field B 0 along the z direction. The set of equations governing its dynamics, including the electron collision term, can be written as follows: 10, 17 ‫ץ‬ t n e ϩ‫ץ‬ z ͑ n e v ez ͒ϭ0, ͑1͒
where e is the collisional frequency of electrons with ions ͑or with waves͒, ‫''ץ''‬ represents the partial derivatives with its subscripts, and the other symbols have their usual meanings. In the derivation of Eqs. ͑1͒-͑6͒ we have assumed ͑i͒ the low-␤ condition of ␤ӶQ so that the thermal pressure may be neglected in Eq. ͑3͒; ͑ii͒ the low-frequency limitation of ‫ץ‬ t Ӷ ci so that the x component of the ion velocity may be approximated by the polarization drift velocity in Eq. ͑2͒; and ͑iii͒ the quasi-neutrality approximation of n i Ӎn e in Eq. ͑6͒. In addition, the momentum equation of ions has been neglected because v iz ϳQv ez Ӷv ez . It can be found that when neglecting the electron collision term in Eq. ͑3͒ ͑i.e., taking e ϭ0) the set of Eqs. ͑1͒-͑6͒ describes the dynamics of low-␤ SKAWs plasma. 10, 17 In the wave-frame defined in the following form:
͑7͒
where space (x, z) and time (t) have been normalized to e and e /v A , respectively, k x ϭsin and k z ϭcos are the components of the dimensionless wave vector k, is the angle between k and B 0 , M is the dimensionless phase velocity in units of v A ϭB 0 /ͱ 0 m i n 0 , and n 0 is the background plasma number density, taking the unperturbed boundary conditions as
͑8͒
the integrals of Eqs. ͑1͒, ͑2͒, ͑3͒, and ͑5͒ give
respectively, where
is the ''damping coefficient,'' ''d'' represents the derivative with its subscript , M z ϭM /k z is the parallel phase speed of the wave in units of v A , and density, velocity, electric, and magnetic fields have been normalized to n 0 , v A , ͱQv A B 0 , and ͱQB 0 , respectively.
Substituting Eqs. ͑10͒-͑12͒ into Eq. ͑4͒, the nonlinear equation governing the density behavior of DSKAWs can be derived as follows:
It can be found again that when neglecting the dissipative effect due to the electron collision (␥ϭ0), the integral of Eq. ͑14͒ gives the well-known Sadgeev equation of low-␤ SKAWs.
10,17
III. ILLUSTRATION OF DSKAWS' SOLUTIONS
To restore dimension, we can rewrite the damping coefficient ␥ in Eq. ͑13͒ as
where ϭM v A k is the frequency of the wave. For KAWs in a low-␤ plasma, one has k e ϳO(1) and hence ␥ϳ e /. Taking ␥ϭ0 in Eq. ͑14͒, Wu et al. 17 derived an exactly analytical solution of low-␤ SKAWs. For the more general cases of DSKAWs with ␥ 0, we can obtain numerical solutions of Eq. ͑14͒, which are described in detail in the following. Figure 1 illustrates the density behaviors of DSKAWs for the damping coefficient ␥ϭ1.00, 0.50, 0.10, 0.05, 0.02, and 0.01 from the top down, where the parameters k x ϭsin 89°͑i.e., the quasi-perpendicular propagating angle ϭ89°), M z ϭ1.29 ͑i.e., the typical density amplitude N m Ӎ0.5 for low-␤ SKAWs with a super-Alfvén parallel phase velocity 17 ͒ have been used. In comparison with SKAWs, the dashed lines in Fig. 1 show the solutions of SKAWs with the same parameters (M z ϭ1. 29 and k x ϭsin 89°) as DSKAWs but ␥ϭ0. From Fig. 1 , it can be found that the density of DSKAW behaves like an ordinary ''shock'' with a density jump ⌬Ӎ0.4 in the strong dissipative regime of ␥ϳ1. In the weakly dissipative regime of ␥Ӷ1, however, the waveform of DSKAW appears to be a train of oscillatory waves of decreasing amplitude in the downstream of Ͻ0 and converges upon an ultimate downstream density n d Ӎ0.6 when →Ϫϱ and, as a result, a local shock-like structure with the same density jump ⌬nϭ1Ϫn d Ӎ0.4 as the strong dissipative regime is produced. It is worth mentioning that the ultimate density n d is actually independent of special values of ␥. In fact, the magnitude of ␥ affects only the oscillating strength and the converging speed in the manner that the lower ␥ leads to the stronger oscillation and the slower convergence.
It is also worthy of note that Eq. ͑14͒ can recover again the exactly analytical solution of low-␤ SKAWs when ␥ ϭ0 as expected. 17 Similar to the case with ion acoustic shock and soliton, 32 however, the solution of Eq. ͑14͒ cannot continuously recover SKAWs from DSKAWs when ␥→0. This indicates that the SKAW is an ideal critical state without dissipation. Once the dissipation occurs the dynamical system governed by Eq. ͑14͒ jumps from the ''soliton'' structure of SKAWs to the ''shock'' structure of DSKAWs. In fact, Eq. ͑14͒ can be rewritten as
where
]. The ''particle'' can conserve its energy when ␥ϭ0. Only if ␥Ͼ0 ͑indepen-dent of specific values of ␥͒, the ''resistance'' ␥(d t x) 2 ϭ␥(d (2/n 2 )) 2 will make the ''particle'' lose gradually its ''energy'' and stay ultimately at the bottom of the ''potential well'' K(n) at nϭn d ϭM z Ϫ2 when tϭϪ→ϩϱ. Three panels of Fig. 2 show the density distributions of DSKAWs with the same ␥ϭ0.1 and ϭ89°but different M z ϭ1.91, 1.29, and 1.08 for ͑a͒, ͑b͒, and ͑c͒, respectively, where the dashed lines represent the solutions of SKAWs with the same and M z as DSKAWs but ␥ϭ0. From Fig. 2 one can find that the density amplitude of DSKAWs ͑i.e., the density jump over the shock-like structure͒ ⌬n ͓Ӎ0.727, 0.4, and 0.143 for ͑a͒, ͑b͒, and ͑c͒, respectively͔ is always less than the amplitude of the corresponding SKAWs 17 
which is always less than N m because the parallel phase speed of low-␤ DSKAWs M z Ͼ1. 17 In addition, from Fig. 2 it is easy to find that the higher M z leads to the stronger oscillation, the slower convergence, and the larger jump.
With the same parameters , ␥, and M z as Figs. 2-4 , it is easy to find that their local structures have a similar feature width ⌬xϳ10 e in the direction perpendicular to the ambient magnetic field. Unlike SKAWs, however, the symmetry in DSKAWs has been destroyed due to the dissipative effect, and the waveform of DSKAWs in the downstream region of Ͻ0 appears to be a train of oscillatory waves of decreasing amplitude and converges upon a new ultimate state when →Ϫϱ. Consequently, a local shock-like structure is formed in DSKAWs.
In the ultimate downstream state of DSKAWs, from Eqs. ͑9͒ and ͑11͒ one has the parallel electron velocity
and the parallel electric field
͑20͒
This indicates that the electron collisional ''resistance'' e v ed can be balanced by the parallel electric field E zd at the downstream of DSKAWs. In other words, the parallel electric field can make the electrons get over the collisional resistance at the downstream and finally escape the downstream at the velocity v ed .
IV. ELECTRON ACCELERATION BY DSKAW
The discussion in Sec. III demonstrates that DSKAW can accelerate electrons efficiently to an ''escaping'' velocity v ed ͓see Eq. ͑19͔͒ with the order of v A . The corresponding ''escaping'' energy can be expressed as
where ⑀ eA ϵm e v A 2 is the electron Alfvén energy. solid lines͒ and potential energy e⌽ z ͑the dotted lines͒ of electrons in units of ⑀ eA in DSKAWs with the same parameters as Fig. 2 ͓i.e., ϭ89°, ␥ϭ0.1, and M z ϭ1.91 ͑a͒, 1.29 ͑b͒, and 1.08 ͑c͔͒, where the dashed lines are the potential energy in SKAWs with ␥ϭ0. From Fig. 5 one can find that the potential energy e⌽ zd at the downstream is always larger than the escaping energy ⑀ ed . In fact, the potential energy e⌽ ed can be divided into two parts, the one is transformed into the escaping energy of the electrons accelerated by DSKAW, and other one has been dissipated within DSKAW due to the electron collisional resistance Ϫ e v ez . Figure 6 plots the escaping velocity ͉v ed ͉ ͑the curve 1, in units of v A ) and energy ⑀ ed ͑the curve 3, in units of ⑀ eA ), the parallel phase speed M z ͑the curve 2, in units of v A ), and electric potential drop ⌽ zd ͑the curve 4, in units of ⑀ eA /e) against the density jump of DSKAWs ⌬n. From Fig. 6 , one can find that the magnitude of the escaping velocity v ed ϳ0.1-10 v A for a wide range of ⌬nϳ0.1-0.9. This indicates that the escaping electrons accelerated by DSKAWs can get their escaping energy with a typical magnitude of the order of ⑀ eA for most cases.
The acceleration of energetic electrons has long been one of the most outstanding problems in the fields of astrophysics, space physics, and plasma physics. Considering that the Alfvénic fluctuation is the most common electromagnetic activity in extensive space and cosmic plasma environments, the above-noted result suggests that DSKAW can provide an efficient physical mechanism for the acceleration of energetic electrons, which can frequently be encountered in various space and cosmic plasma environments. As examples, in the following we will discuss the possibility of DSKAWs accelerating electrons in the Earth's aurora and solar flares after briefly comparing DSKAW and the FREJA observations.
For the typical plasma environment explored by FREJA, the background plasma parameters can be taken as B 0 ϳ0.3 G, n 0 ϳ1000 cm Ϫ3 , T e ϳ1 eV. Therefore, one has v A ϳ5000 km/s ͑20000 km/s͒ for an O ϩ (H ϩ ) dominating plasma. On the basis of the above-presented discussions, it can be estimated that a DSKAW with density jump ⌬n ϳ40%, which is of typical in the FREJA observations, can accelerate electrons to the escaping velocity v ed ϳ0.86v A ϳ4000 km/s ͑17 000 km/s͒ and energy ⑀ ed ϳ0.37⑀ eA ϳ50 eV ͑800 eV͒ for an O ϩ (H ϩ ) plasma, which carry current j e ϭen ed v ed ϳ0.5en 0 v A ϳ400 A/m 2 (1500 A/m 2 ). These results are comparable with both FREJA observations and numerical simulations for the typical FREJA environment by Clark and Seyler. 31 They found that the evolution of nonlinear electrostatic inertial Alfvén waves yields a wide variety of signatures very similar to SKAWs observed by FREJA. In particular, the steepening of the inertial Alfvén waves results in the formation of electron beams possessing energies ϳ100 eV and carrying currents ϳ100 A/m 2 . On the other hand, for the density jump of 40% the peak parallel electric field can also be estimated from Fig. 3 to be E z max ϳ0.008ͱQv A B 0 ϳ7 mV/m for an O ϩ plasma and ϳ100 mV/m for an H ϩ plasma. This indicates that a typical parallel electric field associated with DSKAWs in the FREJA environment can reach a few tens of mV/m, which is comparable to the large parallel electric fields observed by FREJA. 33 However, it is worth mentioning that the parallel electric field estimated here is not associated with the electron collisional dissipation, but with the nonlinear electron inertia. In fact, the parallel electric field caused by the nonlinear electron inertia can qualitatively be estimated from Eq. ͑3͒ to be E z ϳ(m e /e)k z v ez 2 ϳ(m e /e)v A 2 cos / e ϳ0.017ͱQv A B 0 . And the parallel electric field associated with the dissipation is much less than that associated with the nonlinear electron inertia for the weakly dissipative case of ␥Ӷ1.
It has long been known that the auroral phenomenon is associated with energetic electrons with energies in the range 1-10 keV which impact the ionosphere and that the acceleration region of these electrons is located in the altitude ϳ5000-12000 km above the auroral ionosphere. 34 The physical nature of the acceleration of these auroral electrons, however, is still an open problem. It is interesting to note that the local Alfvén velocity v A varies along the auroral magnetic field lines and reaches its maximum at the acceleration region. 27 The typical plasma parameters in the acceleration region can be taken as B 0 Ӎ0.06 G, n 0 Ӎ10 cm Ϫ3 , and T e ϳ10 eV, and therefore ␤ϳ0.02Q and v A Ӎ40000 km/s. Thus, the escaping energy of the electrons accelerated by DSKAW in the acceleration region ⑀ ed has a typical value of the order ϳ⑀ eA ϳ10 keV, which can just meet the requirements of the acceleration of the auroral electrons. In particular, it can be expected that they are possibly direct sources causing small-scale curls of auroral forms. 35 In solar physics, it has been widely accepted that energetic electrons of a few tens of keV in the solar corona have been most directly detected through their gyromagnetic emission in the microwave and their bremsstrahlung emission in the hard x-ray during solar flares. [36] [37] [38] [39] demonstrated that the proton beams that were set up by the reconnection outflow at the onset of a solar flare, could effectively excite KAWs at a high growth rate (ϳ10 5 s Ϫ1 ) and in a short relaxation distance (ϳ10 km) in a flare loop. The typical parameters in solar flare loops can be taken as B ϳ10 3 G, nϳ10 9 cm Ϫ3 , and T e ϳ500 eV, 41 and therefore one has ␤ϳ0.04Q and v A ϳ70000 km/s. Thus, a typical value of the escaping energy of the electrons accelerated by DSKAWs in flare loops can be estimated as ⑀ ed ϳ⑀ eA ϳ30 keV, which is comparable with the energy of the flare energetic electrons. 36 -39 This suggests that DSKAWs excited by the flare proton beams can possibly play an important role in the acceleration of the flare energetic electrons.
V. CONCLUSIONS
Linear and nonlinear KAWs have been an increasingly interesting topic for extensive discussion in the fields of laboratory, space, and astrophysical plasmas and have been extensively studied in both observation and theory because of their potential importance in plasma energization processes. In particular, some recent studies of observations in situ from the FREJA and FAST satellites show that the physical nature of strong electric spikes in the auroral ionosphere and magnetosphere can be understood well in terms of SKAW. Some further analyses of data, however, reveal that dissipative effects can considerably affect the structure and evolution of SKAWs.
In this paper we investigated the effect of the electron collisional dissipation on the dynamics of SKAWs and presented a new model of nonlinear KAWs, called DSKAW ͑dissipative SKAW͒. The results showed that DSKAWs have a characteristic local width and an upstream structure similar to that SKAWs. In the downstream of DSKAWs ͑i.e., Ͻ0), however, their waveforms appear to be a train of oscillatory waves of decreasing amplitude and converge upon the ultimate downstream state with the density n d , the electric potential ⌽ zd , and the electron escaping velocity v ed when →Ϫϱ. In consequence, a shock-like structure with the density jump ⌬nϭ1Ϫn d and the parallel electric potential drop ⌬⌽ϭ⌽ zd is formed, in which the parallel electric field is caused primarily by the nonlinear electron inertia. The converging processes are mainly affected by the damping coefficient ␥ and the parallel phase velocity M z in the manner that the lower ␥ ͑weaker dissipation͒, or higher M z ͑faster wave͒ leads to the stronger oscillation and the slower convergence.
In particular, we argued that DSKAWs can accelerate electrons efficiently to the order of the local Alfvén velocity. Considering that the Alfvénic fluctuation is the most common electromagnetic activity in space and cosmic plasmas, this suggests that DSKAWs can provide an efficient acceleration mechanism for energetic electrons, which can frequently be encountered in various space and cosmic plasma environments. Understanding of the physical nature of the acceleration of energetic electrons has long been one of the most outstanding problems in the fields of astrophysics, space physics, and plasma physics. As examples, we also discussed briefly the possibility of DSKAWs accelerating energetic electrons in the Earth's aurora and in the solar flares. The results show that the escaping electrons accelerated by DSKAWs can be responsible for the auroral and flare of energetic electrons in the Earth's auroral and solar flare environments.
